Peanut, Arachis hypogaea L., is a protein-rich species consumed worldwide. A key improvement to peanut culture involves the development of cultivars that resist fungal diseases such as rust, leaf spot and scab. Over three years, we evaluated fungal resistance under field conditions of 43 wild accessions and three interspecific hybrids of the genus Arachis, as well as six A. hypogaea genotypes. In the first year, we evaluated resistance to early and late leaf spot, rust and scab. In the second and third years, we evaluated the 18 wild species with the best resistance scores and control cultivar IAC Caiapó for resistance to leaf spot and rust. All wild accessions displayed greater resistance than A. hypogaea but differed in their degree of resistance, even within the same species. We found accessions with as good as or better resistance than A. cardenasii, including: A. stenosperma (V15076 and Sv 3712), A. kuhlmannii (V 6413), A. kempff-mercadoi (V 13250), A. hoehnei (KG 30006), and A. helodes (V 6325). Amphidiploids and hybrids of A. hypogaea behaved similarly to wild species. An additional four accessions deserve further evaluation: A. magna (V 13751 and KG 30097) and A. gregoryi (V 14767 and V 14957). Although they did not display as strong resistance as the accessions cited above, they belong to the B genome type that is crucial to resistance gene introgression and pyramidization in A. hypogaea.
Introduction
The oil and protein reach peanut (Arachis hypogaea L.) is consumed both in natura and processed as oil, constituting the fifth largest oleaginous crop worldwide [1] . his plant, which is native from South America, belongs to a genus with 81 described species distributed in nine taxonomic sections [2, 3] . The Arachis section includes 31 species including the commercial peanut.
The development of fungus resistance represents one of the main challenges for the improvement of cultivated peanuts. Some of the most severe fungal foliar diseases include leaf spot (Cercosporidium personatum Berk & Curtis Deighton and Cercospora arachidicola Horii), rust (Puccinia arachidis Speg.), web blotch (Phoma arachidicola Marasas, Pauer & Boerema), and scab (Sphaceloma arachidis Bit & Jenk). The genus Arachis has long been studied with regards to the introgression potential of resistance genes in peanut cultivars [4] [5] [6] [7] [8] [9] . Extensive studies have shown that the A. cardenasii accession GKP 10017 is resistant to diseases [10, 8] . However, these studies were conducted in greenhouses or laboratories, with detached leaves. Obstacles associated with field research such as the low availability of seeds of wild species, analytical difficulties, and inoculum natural pressure are common in wild Arachis bioassays. Field studies of ancient and recently-collected accessions are necessary, especially in areas close to production centers.
The state of São Paulo accounts for 80% of peanut production in Brazil. Leading phytosanitary threats in the state include late leaf spot (Cercosporidium personatum), early leaf spot (Cercospora arachidicola), rust (Puccinia arachidis), and scab (Sphaceloma arachidis). Furthermore, inoculum pressure in São Paulo is consistently high [9] , making this a good site for the assessment of genotype resistance to prevailing pathogens.
We evaluated 43 accessions and three interspecific Arachis hybrids with regards to resistance to foliar diseases under field conditions in the state of São Paulo. Accessions might be later crossed generating amphidiploids (artificially doubled interspecific hybrids with distinct genomic backgrounds that might be AABB or might have other genomic combinations) to be further crossed with cultivars or elite lines of A. hypogaea, generating segregated populations that can be selected and backcrossed in a breeding program.
Materials and Methods

Plant culture
Bioassays were conducted at the Pólo Apta Centro Norte experimental area in Pindorama, São Paulo, Brazil. Seeds were originally provided by the Arachis Germplasm Bank, Embrapa Genetic Resources and Biotechnology. Seeds of different genotypes (Table 1) were treated with the fungicide Plantacol 1 (10g/100kg of seeds) and germinated in paper towels in a room with adequate temperature, air humidity and light. Seedlings were transplanted to 200-ml plastic cups filled with soil and sand (3:1) and placed in a greenhouse. When plants reached a height of 10 to 15 cm they were transplanted to the field in soil previously prepared with 250 kg/ha of 8-28-16 NPK.
During the first year, we evaluated 43 accessions belonging to 10 wild species, six A. hypogaea genotypes and three interspecific hybrids, including amphidiploids and segregating populations (Table 1) . Twenty-five F 2 individuals of the progenie by the cross between IAC Caiapó and the amphidiploid An 2 were evaluated. The average of the experimental unit were used for analyses of variance. In the second and third years, we selected the 18 most resistant accessions and the IAC Caiapó cultivar as control.
The experiment design was random uncompleted delineated block with four replications. Each block was initially composed of four meters with five plants spaced one meter apart and with a separation of 1.5 meters between lines. This spacing was needed because of the ample growth of these plant species. Just three plants in the middle of the experimental unit were evaluated. Every block was sprayed twice-monthly with insecticides to avoid infestation. Weed control was performed with the pre-transplantation application of commercially available Trifluralin (2.5 l/ha). During plant growth, weed control was performed manually. The experimental design was the same for all three years of evaluations apart from the number of accessions analyzed.
Resistance testing
In the first year, fungal diseases evaluated included early leaf spot (Cercospora arachidicola), late leaf spot (Cercosporidium personatum), rust (Puccinia arachidis.) and scab (Sphaceloma arachidis). All diseases except for scab were also evaluated in the second and third years to confirm resistance of wild species accessions (18 genotypes and IAC Caiapó control). Scab was not evaluated in the second and third years due to its low incidence. A 1-9 visual grade scale for damage caused at the end of the plant cycle was used in all evaluations.
Resistance data for early leaf spot, late leaf spot and rust were analyzed following the SAS GLM procedure [11] taking into account the model cultivar effect (1 to 19) and time (years 1, 2 and 3). Data from early and late leaf spot were transformed 1/x and log10(x), respectively, as suggested for the normalization of residues and cultivar variance homogeneity. In the comparison of averages from cultivars, we adopted Duncan's test at a significance of 5%. Software Selegen-Reml/Blup [12] were used for Restricted Maximum Likelihood/ Best, Linear, Unbiased Prediction (REML/BLUP) analysis (Model 20 for first year data and Model 29 for three-year data).
Data were also subjected to grouping analysis (GA) complemented with principal component analysis (PCA) to group genotypes according to the variables: late leaf spot, early leaf spot, scab, and rust. Genotype GA was performed according to Ward's method [13] , and Euclidian distance was considered a measure of dissimilarity. Dendrogram and connection graphs were used to interpret GA results. In PCA the two first principal components (PC1 and PC2) were considered the most important in their respective contributions to total variability. PC1 and PC2 allowed for simultaneous visualization of variable and genotype projections as well as deduction of the linear correlation among the variables: late leaf spot, early leaf spot, scab and rust. The software used for PCA and GA was STATISTICA [14] , other analyses were conducted with SAS [11] and MS Office Excel.
Analysis of Variance conducted on data for the three different years showed significant differences between years for all three diseases and the interaction accessions x years for disease (late leaf spot and rust). Therefore, average measurements were used for GA.
Results and Discussion
In the first year of study, we evaluated resistance to late leaf spot, early leaf spot, rust and scab. Within 50 accessions evaluated at the first year ( Table 2) there was a large difference in resistance to late leaf spot, with averages ranging from 1.75 to 9. On the other side, for early leaf spot, scab and rust, the variation among wild accessions was less significant. It is possible to verify either the difficulty to select accessions based on ANOVA and Duncan test. These results justify the utilization of PCA and grouping analysis.
REML/BLUP analysis were shown in Table 3 for 50 genotypes in first year field assay. The selection accuracy of genotypes had a high value, as well as PEV value was low for all variables. All CV gi% were higher than CV e% values except for scab variable indicating that the environment had a important effect in the phenotypic pattern of this disease.
Resistance rank of each accession was obtained in individual BLUP analysis, as well as a general rank was observed by the sum of all ranks of the three diseases. The highest values are those with best resistance to the three diseases. Ranks of genotypes in BLUP analysis were very similar to Duncan test results (Table 2) . Genetic correlation between the variables LLS, ELS, S and R for the first year assay and for three years data, based on the REML/BLUP analysis, are shown in Table 4 . In the first year, LLS and R was genetically correlated. In the analysis of three years for the 18 wild accessions selected as resistant and the control, all variables were correlated.
A first GA was conducted with the 50 genotypes (Fig 1) . At cut-off point 10 of this dendrogram, genotypes are divided into two groups: Group 1 encompasses all six accessions of A. hypogaea, A. monticola (V 14165) and A. ipaënsis (KG 30076). Interestingly, A. monticola is a tetraploid species closely related to, and most likely a direct ancestor of, A. hypogaea [15] . Evidence also suggests that A. ipaënsis was the B genome species that originated A. hypogaea [16] [17] [18] . Group 2 encompasses all other wild genotypes included in the study, indicating that the majority of wild species are very distinct from cultivated peanut with regards to resistance to evaluated fungal diseases. This finding also suggests that many unexplored genes may be present in these pools that could be introduced into the genome of A. hypogaea. Another important GA outcome is the grouping of three hybrids (two amphidiploids-An 2 and An 4-and the F 2 progeny individuals of Caiapó x An 4) in Group 2, as they all kept resistance patterns similar to those of wild species. This finding shows that resistance is maintained after interspecific crossings.
If the more susceptible accessions are removed from the analysis, a more detailed picture of wild accession differentiation emerges (Fig 2) : a cut-off point of 11 separated accessions according to their resistance to scab, whereas a cut-off point of 7 then discriminated between five genotype groups. The genotypes with least resistance to scab were subdivided as to their resistance to rust. The ones more resistant to scab were further subdivided as to their resistance to early leaf spot. Among the early leaf spot resistant genotypes, another division was possible with regard to resistance to late leaf spot. Therefore, the joint evaluation of four diseases indicates that Group 2 of Fig 2 provides the most resistant accessions and might be the best one for multiple selections. The seven accessions that comprise this group are V 15076 (A. stenosperma), V 6413 (A. kuhlmannii), V 13250 (A. kempff-mercadoi), Sv 3712 (A. stenosperma), KG 30006 (A. hoehnei), V 6325 (A. helodes), and GKP 10017 (A. cardenasii). All of these accessions are of A genome type, and apparently A genome species are more resistant to fungal diseases than species with other genomes in the Arachis section. Validating this observation is difficult due to the smaller number of B genome sensu lato accessions evaluated in this report, which makes it difficult to investigate true variability when compared to the number of A genome accessions.
Another important aspect of resistance is the variability observed among accessions of a single species. Pande and Rao [8] have previously emphasized the importance of evaluating reactions at the individual level. We show that A. stenosperma accessions are present in every group, whereas A. kuhlmannii are present in three, A. hoehnei in two, and A. gregoryi in two groups. A wider distribution of A. stenosperma may be a result from a larger number of Table 3 . Estimatives of components of variance (Individual REML) and the components of average (Individual BLUP) for the variables resistance to late leaf spot (LLS), early leaf spot (ELS), scab (S) and rust (R) and 50 genotypes, in first year of field assay. accessions in this species. If there were more accessions in the other species, we might have observed a similarly ample distribution. As it was observed the wide variability at the species level, research efforts are necessary in the identification of resistances in accessions, not in species.
The two amphidiploids were grouped in Group 5. Amphidiploid An 2 remained very close to one of its progenitors, V 6389 (A. gregoryi). The other progenitor, V 9401 (A. linearifolia), was not included in the study due to an insufficient number of seeds. Amphidiploid An 4 resulted from a cross between A. ipaënsis x A. duranensis V 14167 followed by artificial polyploidization. The female progenitor fell into Group 1, along with accessions of A. hypogaea. The A. duranensis accession was not included in the study for lack of seeds. Interestingly, some ramifications within Group 5 included amphidiploids and other B and K genome species, but no A genome accessions. In another subdivision of Group 5, only A genome accessions were segregated. Non-A genomes were also concentrated in Groups 3 and 4. The F 2 progeny of IAC Caiapó x An 4, such as A. stenosperma V 10309, were situated in Group 4, exhibiting partial resistance when compared to wild genotypes.
Four accessions that showed special potential for future studies are the A. magna accessions V 13751 and KG 30097 and the A. gregoryi accessions V 14767 and V 14957. While they were not the best in terms of resistance, they belong to the B genome type that is crucial for resistance-gene introgression and pyramidization in A. hypogaea. Table 4 . Genetic correlation between variables (resistances to late and early leaf spots-LLS, ELSscab-S, and rust-R) in first year for 50 accessions and in three years field assay for 18 selected accessions and one control. Similarly to the GA with a cut-off point of 10, a two-group division was observed through PCA (Fig 3) , where the two first components explained 81.41% of variation. Again, Group 1 (red circle) was formed by the same eight genotypes as in Fig 1, whereas the other wild accessions were tightly connected in Group 2 (green circle). Arrows point towards accessions, including those of Group 1, which were more susceptible to the diseases evaluated. Some Group 1 genotypes such as IAC-Caiapó and BR-1 were more susceptible to early leaf spot, whereas cultivars IAC-Tatu-ST and IAC-Runner 886 were more strongly associated with late leaf spot. V12549 was more susceptible to scab. Finally, accessions of A. hypogaea 2562, A. monticola V14165 and A. ipaënsis 30076 were more strongly correlated with rust. Accession V14165 was almost equidistant from Group 1 and 2 accessions.
Group 2 encompassed accessions and hybrids that were opposite to the arrows, indicating a trend to multiple resistances of wild genotypes. Again, the two amphidiploids (An 2 and An 4) and the F 2 progeny individuals of Caiapó x An 4 grouped with wild species. Because Group 2 genotypes were very closely associated, a more refined analysis to define which one would be preferred for genetic improvement required re-running PCA without Group 1 accessions. Fig 4 shows the PCA re-run without Group 1 accessions. The two main components explain 57.17% of variation. When the accessions in Fig 4 were divided into the five GA groups obtained from Fig 2, these groups tended to disperse, with few intersections. Group 1 genotypes, in green, showed less resistance to early leaf spot; and Group 4, in yellow, was the least resistant to rust. Group 3, in black, was more closely associated to late leaf spot and rust; and Group 5, in blue, was in the same direction as the scab arrow, but showing a fair amount of internal variation. For example, Group 5 amphidiploid An 2 had lower resistance to scab whereas Lm 5 was on the border with Group 2, distant from each one of the arrows. In fact, amphidiploids An 2 and An 4 had lower resistance to scab but were more resistant to early leaf spot, rust and late leaf spot. On the other hand, the F 2 of Caiapó x An 2 showed reduced resistance to rust, late leaf spot and scab, but greater resistance to early leaf spot. An important obstacle to the selection of progenies from interspecific crossings targeting disease resistance is the risk of losing important alleles as a result of backcrossing.
Accessions in Group 2 of Fig 2, in red, were distant from all arrows, and therefore are more likely to have multiple resistances. Overall, PCA validated the GA results. Table 5 shows average values from the studies conducted in three consecutive years evaluating resistance to fungal diseases in 18 wild accessions and in the cultivar IAC Caiapó. There was a difficulty of selection of the best accessions for the three diseases, justifying again the PCA and grouping analysis utilization. It was also observed that there were differences among years. ANOVA results showed the interaction between accessions x years.
Of the seven accessions identified as the most resistant (Group 2 of Fig 2) , six are shown in bold in Table 5 ; only accession KG 30006 was not included, because at the time it was not believed to be an A genome species [2] . Additionally, previous tests had failed in crossing and generating fertile amphidiploids from this species. Currently, it is known that this species has the A genome [19] , and further work is needed to validate its potential as a male progenitor in interspecific crossings and generation of new amphidiploids.
During GA with all 18 genotypes and the control, only two groups were obtained, because IAC Caiapó was considered susceptible when compared to the wild accessions. Therefore, we removed the control from the analysis to evaluate isolated behavior among the accessions. Fig 5 shows GA where a cut-off point of 0.7 forms three groups. All species has A genome, except A. gregoryi accession V 14767. Rust resistance was not relevant to discriminate between accessions, as they all had low grades, i.e., low infection rates. Comparing data from Table 5 with Fig 5, we may conclude that Group 1 accessions had lower resistance to late leaf spot, whereas Groups 2 and 3 showed greater resistance to this disease. The distinguishing feature between Groups 2 and 3 was that the former included accessions with lower resistance to early leaf spot, compared to the latter. Therefore, our data suggest that Group 2 accessions (Fig 5) have the greatest potential for use in genetic improvement programs. However, given that late leaf spot is the most important disease in the field, and that the difference in resistance to early leaf spot was small between Groups 2 and 3, both of these groups should be considered in improvement programs. Again, only A genome species were selected, except for one B genome accession, A. gregoryi V 14767, which segregated to Group 1. V14767 may not be considered the best resistance genotype, but might prove to be an excellent allele donor for gene pyramiding. We must again point out that differences observed among data from Table 5 , Figs 2 and 5 result from the fact that, in the first year, we evaluated scab resistance whereas in later years the disease occurred at a very low rate and could not be quantified. Overall, the data show that the best accessions regarding multiple resistance to diseases in this study conditions are V 15076 (A. stenosperma), V 6413 (A. kuhlmannii), V 13250 (A. kempff-mercadoi), Sv 3712 (A. stenosperma), V 6325 (A. helodes), GKP 10017 (A. cardenasii) ( Table 5 -bold).
The individual REML analysis (Table 6 ) of 19 genotypes used in three years assays detected that the environmental variance value was low, allowing the discrimination of genotypes. Based on individual BLUP (Table 6 ), resistance ranking of each accession was obtained, as well as a general ranking was observed by the sum of all ranks of the three diseases. The highest values are those with the best resistance to the three diseases. Accessions in bold in Table 5 had GR values higher than 32 in Table 6 , corroborating the results of Duncan Test, PCA and GA.
Variance analysis showed that A. kuhlmannii (V 6413) had the lowest average degrees of observation of late leaf spot, whereas A. stenosperma (Sv 3712) and A. kuhlmannii (V 9912) had the lowest incidence (lowest grade) of early leaf spot. All wild genotypes showed resistance to rust at the natural inoculum pressure used (Table 5) .
Fávero et al. [9] utilized detached leaves to show that Arachis hypogaea and Arachis monticola were susceptible to late leaf spot, early leaf spot and rust, as we reproduced here in the field. Similarly, our results agree with those of Fávero et al. [9] with regards to V9243 susceptibility to late leaf spot, and Wi 1118 and V13824 susceptibility to rust. However, in contrast to that previous work, we show that in three years of field evaluation the Sv 3712 accession was resistant to rust. Yet another distinct new finding of our study is the susceptibility of A. batizocoi to scab; Fávero et al. [9] found this accession to be highly resistant for late and early leaf spots but did not test it for scab. Pande and Rao [8] also identified late leaf spot resistance in an A. hoehnei accession collected at a site near the collection site of the species used in our study, and they reported the same result for their KG 30006 accession from the same region. In both studies, A. monticola accessions were susceptible to late leaf spot and rust.
Conclusions
We have found accessions with greater resistance to disease than A. cardenasii. The most promising accessions with multiple resistance to late leaf spot, early leaf spot, rust and scab in our study conditions were V 15076 (A. stenosperma), V 6413 (A. kuhlmannii), V 13250 (A. kempff-mercadoi), Sv 3712 (A. stenosperma), KG 30006 (A. hoehnei), V 6325 (A. helodes) and GKP 10017 (A. cardenasii). Amphidiploids and A. hypogaea x amphidiploid hybrids behaved similarly to wild species. Four accessions that should be further evaluated are the A. magna accessions V 13751 and KG 30097 and the A. gregoryi accessions V 14767 and V 14957. Although they did not show specifically high resistance, they belong to the B genome type that is crucial to resistance gene introgression and pyramiding in A. hypogaea.
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